The primary function of the thyroid gland is to metabolize iodide by synthesizing thyroid hormones, which are critical regulators of growth, development and metabolism in almost all tissues. So far, research on thyroid morphogenesis has been missing an efficient stem-cell model system that allows for the in vitro recapitulation of the molecular and morphogenic events regulating thyroid follicular-cell differentiation and subsequent assembly into functional thyroid follicles. Here we report that a transient overexpression of the transcription factors NKX2-1 and PAX8 is sufficient to direct mouse embryonic stem-cell differentiation into thyroid follicular cells that organize into three-dimensional follicular structures when treated with thyrotropin. These in vitro-derived follicles showed appreciable iodide organification activity. Importantly, when grafted in vivo into athyroid mice, these follicles rescued thyroid hormone plasma levels and promoted subsequent symptomatic recovery. Thus, mouse embryonic stem cells can be induced to differentiate into thyroid follicular cells in vitro and generate functional thyroid tissue.
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The mammalian thyroid consists of two endocrine cell types, the thyroid follicular cells (TFCs) that produce the thyroid hormones T3 and T4 and the C-cells that produce calcitonin 1 . In the adult thyroid gland, TFCs are organized into follicular structures 2 , in which a monolayer of polarized TFCs enclose a luminal compartment filled with a colloidal mass containing thyroid hormone precursors bound to thyroglobulin 3 . A follicular organization of TFCs is considered to be the prerequisite for efficient thyroid hormone biosynthesis 4 . It has been demonstrated that NKX2-1 (ref. 5 ) and PAX8 (ref. 6 ) function are vital for TFC survival, differentiation 2 and function during thyroid organogenesis and in mature thyroid tissue 1 . During thyroid organogenesis, the onset of NKX2-1 (ref. 7) and PAX8 (ref. 8) co-expression in a small group of ventral foregut endodermal cells represents the first molecular marker of cell specification towards a TFC fate. Although NKX2-1 (ref. 7) and PAX8 (ref. 8 ) are expressed individually in a variety of tissues and cell types, their co-expression is restricted to cells committed to differentiate into TFCs. Induced overexpression of defined transcription factors has been shown to have a directing effect on the differentiation of embryonic stem cells (ESCs) into specific cell types [9] [10] [11] . Despite the success of this experimental approach for cell differentiation or reprogramming, protocols promoting coordinated self-assembly of differentiated cells into distinct morphological units with functional properties reminiscent of organs and tissues in vivo [12] [13] [14] are still very sparse. In this study, we explore whether overexpression of the transcription factors NKX2-1 and PAX8 could promote differentiation of murine ESCs into TFCs and subsequent self-formation of thyroid follicles.
In vitro thyroid cell differentiation
Because the factors and signalling pathways inducing concurrent expression of NKX2-1 and PAX8 have not yet been resolved 2 , we generated recombinant ESC lines (Fig. 1a and Supplementary Fig. 1a , c, e) in which expression of these transcription factors can be temporally induced on the addition of doxycycline (Dox; 1 mg ml
21
) to the medium 15 ( Supplementary Fig. 1b, d , f). These genetic manipulations did not affect the pluripotent state of the ESCs (Supplementary Fig. 1g ). In our experimental set-up, Dox induction of NKX2-1 and PAX8 was initiated after a 4-day ESC culture in hanging drops to allow for differentiation into embryoid bodies (Fig. 1b) . We first used a recombinant ESC line in which Dox treatment induces NKX2-1 and PAX8 overexpression ( Supplementary Fig. 1a, b) . After 3 days of Dox treatment (on days 4, 5 and 6), co-expression of NKX2-1 and PAX8 was detectable by immunofluorescence in almost all Dox-treated cells on day 7 but never in cells incubated in the absence of Dox ( Supplementary  Fig. 2a ). To determine whether the combined activity of NKX2-1 and PAX8 promotes TFC differentiation, we first examined the expression of various TFC markers by quantitative reverse transcriptase PCR (qRT-PCR). Notably, messenger RNA expression of functional markers, including the thyroid-stimulating hormone (TSH) receptor (Tshr), the sodium/iodide symporter NIS (Slc5a5) and thyroglobulin (Tg), was strongly upregulated within 3 days of Dox treatment (Supplementary Fig. 2b ). The expression of Foxe1, another key transcription factor for thyroid development 16 , was also upregulated ( Supplementary  Fig. 2b ), and NKX2-1 1 FOXE1 1 cells were prominent throughout cell cultures ( Supplementary Fig. 2c ). Interestingly, our qRT-PCR analyses also demonstrated a robust increase in endogenous Nkx2-1 and Pax8 mRNA levels ( Supplementary Fig. 2d ), indicating an auto-induction of these transcription factors. Together, these data demonstrate that forced co-expression of NKX2-1 and PAX8 readily acts on cell fate, driving the differentiation towards a TFC lineage. However, assembly of Dox-treated cells into three-dimensional aggregates reminiscent of follicle-like epithelial structures was rarely observed under these conditions. This was true for cell cultures using a variety of distinct Dox treatment protocols, suggesting that additional factors might be required to promote follicular morphogenesis. We therefore revised the treatment protocol on the basis of two critical observations. First, we limited the Dox treatment to a 3-day period from day 4 to day 6 (Fig. 1b) , as this seemed to be sufficient to induce the auto-induction of endogenous Nkx2-1 and Pax8 mRNA expression. Second, we treated cells from day 7 onwards with recombinant human TSH (rhTSH; 1 mU ml 21 ) (Fig. 1b) , as the robust upregulation of Tshr mRNA indicated that the cells had acquired an ability to respond to rhTSH. When using this sequential Dox-rhTSH treatment schedule, qRT-PCR analyses of day-22 cell cultures indeed showed a sustained elevation of endogenous Nkx2-1 and Pax8 mRNA expression ( Fig. 1c and Supplementary Fig. 3a, b) . Moreover, these cell cultures also showed a high expression of functional TFC markers such as Tshr, Slc5a5, Tg and Tpo (which codes for thyroid peroxidase) ( Fig. 1c and Supplementary Fig. 3a, b) . Immunofluorescence analyses at day 22 demonstrated that the sequential Dox-rhTSH treatment clearly promoted the differentiation of NKX2-1 1 cells co-expressing PAX8
( Fig. 1h and Supplementary Fig. 3g , k), FOXE1 ( Fig. 1i and Supplementary Fig. 3h , l), NIS ( Fig. 1j ; Supplementary Fig. 3i , m) and TG ( Fig. 1k and Supplementary Fig. 3j, n) . No such co-expression was seen in the absence of Dox-induced transgene expression ( Fig. 1d-g and Supplementary Fig. 3c-f ). The efficiency of TFC differentiation, quantified as the percentage of NKX2-1 1 PAX8 1 cells, reached 60.5 6 8.1% in the sequential Dox-rhTSH treatment protocol (mean 6 s.e.m., n 5 3; see Methods). Most importantly, and in contrast to a 3-day Dox treatment without subsequent TSH treatment, the sequential Dox-rhTSH treatment greatly stimulated the assembly of TFC-like cells into distinct three-dimensional structures reminiscent of thyroid follicles (Supplementary Fig. 3k -n; compare with Supplementary Fig. 3g-j) . 
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In vitro formation of functional follicles
A follicular organization of TFCs is considered the prerequisite for thyroid hormone biosynthesis, which occurs under physiological conditions extracellularly at the TFC-colloid interface. Iodide organification requires a complex biosynthetic machinery including NIS-mediated iodide uptake 17 at the basal pole 18 , TG synthesis and targeting to the apical pole, H 2 O 2 generation at the TFC-colloid interface by dual oxidase and TPO-mediated iodination of TG 4 (Fig. 2a) . Immunofluorescence analyses of the follicular aggregates demonstrated polarization characteristics consistent with thyroid follicles in intact animals (Fig. 2b) . The NKX2-1 1 cells surrounding a luminal space showed basolateral localization of NIS (Fig. 2c ) and E-cadherin (Fig. 2d) , as well as apical localization of zona occludens 1 (ZO-1; also known as TJP1) (Fig. 2e) . Conversely, TG immunofluorescence was observed both intracellularly and in the luminal compartment (Fig. 2f) . It should be noted that neither endothelial cells nor C-cells were observed after 22 days of cell culture, as judged by the absence of detectable PECAM-1 and calcitonin staining, respectively. Together, these data demonstrate the efficiency of the sequential Dox-rhTSH treatment to generate cells with a molecular signature highly similar to TFCs and to promote the assembly of these TFC-like cells into threedimensional follicular structures strongly resembling thyroid follicles. We next studied whether Dox induction of either NKX2-1 or PAX8 alone was sufficient to promote TFC differentiation and follicle morphogenesis. Dox induction of NKX2-1 alone for 3 days was sufficient to upregulate the expression of various TFC markers as assessed by qRT-PCR ( Supplementary Fig. 4a, b) and by immunostaining for PAX8 ( Supplementary Fig. 4c) and FOXE1 (Supplementary Fig. 4d ). However, with the exception of Pax8 mRNA expression, the effects of NKX2-1 overexpression were weaker relative to Dox induction of NKX2-1 and PAX8 (Supplementary Fig. 2b ) and no upregulation was evident for endogenous Nkx2-1 mRNA (Supplementary Fig. 4a ). When using the sequential Dox-rhTSH protocol, NKX2-1 induction was clearly sufficient to promote differentiation towards a TFC-like cell fate (Fig. 1c, l-o ) but failed to efficiently promote formation of folliclelike cell aggregates (compare Fig. 1k with Fig. 1o ). Given the vital role of TSH treatment for folliculogenesis, as observed in the NKX2-1-and PAX8-overexpression model, the comparatively low level of Tshr upregulation induced by overexpression of NKX2-1 might represent one plausible factor explaining the lack of follicle morphogenesis in the 
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NKX2-1-overexpression model (see Fig. 1c and Supplementary Fig. 4a,  b) . In notable contrast to NKX2-1 overexpression, Dox induction of PAX8 had only marginal effects on TFC marker expression, both at the mRNA ( Supplementary Fig. 5a , b) and protein-expression level ( Supplementary Fig. 5c, d ). Treatment with rhTSH after Dox induction of PAX8 did not promote TFC differentiation as judged from the day-22 analyses of TCF marker gene expression (Fig. 1c) and immunofluorescence staining (Fig. 1p-s) . Together, these data indicate that transient NKX2-1 overexpression is sufficient to drive cell differentiation towards the TFC lineage. Conversely, PAX8 did not promote TFC differentiation when overexpressed alone but strongly enhanced TFC differentiation when overexpressed together with NKX2-1. Most importantly, overexpression of both NKX2-1 and PAX8 was a critical requirement for the rhTSH-dependent self-assembly of TFC into follicle-like structures. The high similarity between in vitro-generated follicle-like structures and true thyroid follicles, both at the molecular and morphological level, prompted us to examine whether these follicular structures were functional for the two hallmarks of thyroid tissue: iodide trapping and thyroid hormone synthesis. We therefore assessed day-22 cell cultures derived from the sequential Dox-rhTSH protocol for their capacity to organify iodide. The first evidence for active iodide organification was obtained by immunofluorescence detection of iodinated TG (TG-I) within the luminal compartment of follicular aggregates (Fig. 2g ) using an antibody that selectively recognizes iodinated TG epitopes 19 . Positive TG-I staining was limited to cell cultures obtained after Dox induction of NKX2-1 and PAX8 and subsequent rhTSH treatment. We next used a 'classical' iodide-organification assay that measured the relative incorporation of radioiodine into TCAprecipitable proteins after 2 h of incubation in a 125 I-supplemented medium. Measurements of radioiodine incorporation corroborated the TG-I staining results as a strong and significant increase of iodide organification was exclusively seen in cell cultures on Dox induction of NKX2-1 and PAX8 and subsequent rhTSH treatment (Fig. 2h-j and Supplementary Fig. 6 ). The capacity of such cell cultures for robust iodide organification is in line with their TFC-like molecular signature and their three-dimensional follicular organization. In turn, the lack of similar functional properties of cell cultures derived after the induction of either NKX2-1 (Fig. 2i ) or PAX8 alone (Fig. 2j) would be consistent with a failure of TFC differentiation (Dox induction of PAX8 alone) or a reduced competence in forming follicular aggregates on rhTSH treatment (Dox induction of NKX2-1 alone). Together, our data demonstrate that the differentiation protocol relying on overexpression of NKX2-1 and PAX8 allows for deriving in vitro follicular organoid structures that recapitulate molecular, morphological and functional properties of bona fide thyroid follicles. In addition, this protocol highlights the vital role of TSH in completing the process of follicular maturation.
In vivo functionality of derived follicles
To assess the potential in vivo functionality of the ESC-derived thyroid follicles, we grafted follicular organoids under the kidney capsules of female mice previously made hypothyroid by intraperitoneal 131 I injection (Fig. 3a) . Histological evaluation of the kidney region 1 month after transplantation demonstrated successful integration of grafted organoids in the host niche (Fig. 3b, c) . At the grafting site (Fig. 3b) , numerous follicles containing a monolayered epithelium were present at the cortical area of the host organ ( Fig. 3c and Supplementary  Fig. 7a) . In situ chromosome Y painting on paraffin sections of the grafting region provided clear evidence that the follicular structures originated from male ESC-derived organoids, on a background of female kidney tissue of the hosts ( Supplementary Fig. 8a, b) . Immunostaining demonstrated that the follicular epithelium was made up of cells positive for NKX2-1 (Fig. 3d), PAX8 (Fig. 3e) and FOXE1 (Fig. 3f) , a molecular signature highly similar to the thyrocytes of orthotopic thyroid tissue. Further immunohistochemical analyses corroborated the development of functional thyroid follicles at the grafting sites, including cytosolic TG expression and TG deposition in the luminal compartment (Fig. 3g) , polarized NIS (Fig. 3h ) and E-cadherin ( Supplementary Fig. 7b ) expression at the basolateral membrane as well as detection of the thyroid hormone T4 in the colloid (Fig. 3i and Supplementary Fig. 7a ). Importantly, immunostaining for the panendothelial marker PECAM-1 showed that thyroid follicles were surrounded by a dense network of small blood vessels, demonstrating the formation of classical angio-follicular units ( Supplementary Fig. 7c,  d) . Lastly, we could not detect any calcitonin staining in the grafted tissue, whereas calcitonin staining was clearly detectable in the orthotopic thyroid tissue of adult mice (data not shown). Thus, consistent with the proposed origin and migration path of C-cells 20 , the ectopic thyroid tissue grafts are free of C-cells, indicating that our differentiation protocol does not promote C-cell development.
Nkx2-1-Pax8
Dox rhTSH 100 mm (c), 50 mm  (d, e, f, h) and 20 mm (g, i) .
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Functional rescue in hypothyroid mice
We next evaluated the ability of the ESC-derived tissue grafts to restore thyroid homeostasis in mice with radioiodine-ablated thyroid tissue. Plasma T4 levels measured in female mice at 1 month after 131 I injection showed a severe hypothyroid status at the time when ESCderived organoids were transplanted ( Fig. 4a and Supplementary  Fig. 9a ). Four weeks after grafting (8 weeks after 131 I injection), mice grafted with cells that were differentiated on overexpression of NKX2-1 and PAX8 and subsequent rhTSH treatment showed a substantial increase in plasma T4 levels ( Fig. 4b and Supplementary Fig. 9b) , with a complete rescue of thyroid homeostasis being evident in eight out of nine animals. Notably, mice transplanted with cells that were differentiated without Dox and rhTSH treatment remained hypothyroid (Fig. 4b) , as was the case for mice that received no grafts at all (Supplementary Fig. 9b ). To demonstrate that the grafted thyroid tissue was responsible for the restoration of plasma T4 levels, we performed wholebody scintigraphy of mice after intramuscular injection of 99mTc-pertechnetate, a c emitter transported by the sodium/iodide symporter (Fig. 4c, d ). As shown in Fig. 4c , strong 99mTc-pertechnetate uptake was observed in control mice in the neck region (where the thyroid and salivary glands reside), the stomach and the bladder. In athyroid mice grafted with ESC-derived thyroid follicles, 99mTc-pertechnetate uptake was markedly decreased in the neck region, owing to the absence of the thyroid gland (Fig. 4d) . The remaining weak signal in the neck region was due to NIS activity in the salivary gland. Importantly, a very strong signal was detectable at the grafting site close to the kidney. These data provide strong evidence that the grafted tissue was responsible for the restoration of plasma T4 levels. Along with the restoration of normal T4 plasma levels, mice grafted with ESC-derived thyroid follicles also show a progressive decrease in plasma TSH levels ( Fig. 4e and Supplementary Fig. 9c ). Moreover, acute TSH administration 21 to athyroid grafted mice was effective in producing an increase in circulating levels of T4, suggesting TSH responsiveness of the grafted tissue ( Supplementary Fig. 10 ). To examine whether our grafting approach also resulted in a symptomatic recovery, we analysed body temperature in mice from the different treatment groups. Decreased body temperature was found to be a robust and sensitive response to lowered plasma thyroid hormone concentrations. Importantly, mice grafted with ESC-derived thyroid follicles showed a full normalization of body temperature at 4 weeks after transplantation, providing a compelling example for symptomatic recovery along with the normalization of plasma hormone concentrations ( Fig. 4f and Supplementary  Fig. 11 ). These in vivo data clearly demonstrate that ESC-derived thyroid follicles have potent functional capacity to compensate for the lack of orthotopic thyroid tissue, allowing for the full rescue of experimentally induced hypothyroidism (Fig. 4g ).
Conclusion and perspectives
We have developed a protocol that allows for the generation of functional thyroid follicles from ESCs on the basis of transient overexpression of two transcription factors followed by rhTSH treatment. Recently, elegant studies have demonstrated self-formation of two ectodermderived complex organs, adenohypophysis 13 and optic cup 12 , using three-dimensional ESC culture systems, as well as the capacity of colon stem cells to recapitulate in vitro the self-organization of an endodermderived tissue, the crypt-villus structures 22, 23 . Although a few previous studies have reported on the detection of thyrocyte-like cells in ESC cultures [24] [25] [26] [27] , the present study is the first to demonstrate self-formation of thyroid follicles from ESC-derived TFCs and their capacity for iodide organification in vitro. Importantly, when transplanted into mice, the ESC-derived cells generated functional thyroid tissue able to rescue thyroid hormone deficits in athyroid animals. The latter finding of our study in particular opens a new avenue for application of stem-cell technologies in the treatment of hypothyroidism, an area that has so far received relatively little attention in regenerative medicine. In this context, one should bear in mind that congenital hypothyroidism, resulting from either dysfunctional (15%) or dysplastic (85%) thyroid tissue, is the most common congenital endocrine disease in humans, affecting one in 2,000 newborns 28 .
METHODS SUMMARY
Recombinant murine ESC (A2Lox Nkx2-1-Pax8, A2Lox Nkx2-1 and A2Lox Pax8) lines, generated as previously described in ref. 15 , were differentiated in embryoid bodies by the hanging drop method 29 . Embryoid bodies were embedded in growthfactor-reduced Matrigel and re-plated into 12-well plates. The subsequent exposure to Dox and rhTSH was performed as described in Fig. 1b . During in vitro differentiation, cells were subjected to extensive phenotypic characterization using qRT-PCR, immunohistochemistry, immunofluorescence and iodide-organification assays. In vivo studies were performed in hypothyroidism-induced mouse models generated as previously described in ref. 30 . In cell-transplantation studies, 
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22-day-long cultures were digested with a dispase-collagenase mixture, and the purified cellular population enriched with ESC-derived thyroid follicles were transplanted under the renal capsule. Histological examination of the kidneys, T4 and TSH plasma levels and body-temperature measurements were performed 4 weeks after transplantation.
